The present work aims to research the treatment processing of magnesium reinforced with 1 µm silicon carbide particle (SiCp) using stir casting combined by ultrasonic vibration. Present studies have been done on six different materials: (a) AZ31B alloy without particles, (b) 5 vol.% SiCp/AZ31B composites fabricated with different semi-solid stirring time (5 min, 10 min, 15 min and 20 min), (c) composite with 20 vol.% SiCp. The effects of 1 µm/SiCp pretreatment and stirring time on microstructure and interfacial wettability as well as mechanical properties of the materials were confirmed. Both short and long stirring time for the particle dispersion brought particle agglomeration. Results of SEM microstructure and tensile properties exhibited that the optimal stirring parameters of 625°C/1500 rpm/15 min are exploited, and 20 vol.% SiCp/AZ31B composite was fabricated by the optimal stirring parameters. The application of optimal stirring parameters for the treatment resulted in homogeneous particle distribution. The addition of SiCp leads to a reduced matrix grain, and 20 vol.% SiCp/AZ31B composite showed smaller grain size than. 5 vol.% SiCp/AZ31B composite. The interface between SiCp and matrix is clear and interfacial wettability well. Tensile test results show that with increasing SiCp content, strengths increase while ductility decreases.
Introduction
Magnesium alloys have long been taken as promising materials in the automotive, aerospace and 3C industries due to their light weight, high specific-strength good damping, recyclability and machinability [1] . Magnesium with its density of 1.74 g/cm 3 is about 2/3 of the density of aluminum and 1/5 of the density of steel [2, 3] . Meanwhile, its density is the lightest among all the metallic structural materials. However, compared with steel and aluminum alloys, potential engineering applications of magnesium alloys are limited. This is because of its hexagonal close-packed(HCP) crystal structure and limited number of slip systems, these reasons result in low strength and poor formability [4] . Moreover, stiffness, wear resistance and yield asymmetry are also disappointed. Reinforcing the magnesium matrix composites(MMCs) with hard and thermally stable particles often improves the wear resistance, stiffness and strength of magnesium alloys [5, 6] . At present, a large number of research works, such as powder metallurgy [7] , stir casting [8] , disintegrated melt deposition [9] , mechanical alloying [10] etc., were made to prepare MMCs, but stir casting is superior among these preparation methods. The reasons are attributed to its simple process flow, easy operation, high yields and low cost, and is considered to be the best choice for fabrication of composites with high content SiCp. It is well known that many factors influence microstructure and mechanical properties of particle reinforced MMCs. B.N. Sahoo et al. [11] synthesized fine (TiCTiB 2 ) reinforced magnesium matrix in-situ composites through novel stir casting process. Their works indicate that the strength of composite is related to homogeneous distribution of (TiC-TiB 2 ) hybrid reinforcements. G.Q. Han et al. [12] discussed the factors related to good interfacial bonding between the CNTs and the matrix, which is essential to mechanical properties of composite. Moreover, when composite is fabricated by stirring technique, stirring parameters are also very important factors. Therefore, process parameters need to be optimized in the production of MMCs with homogeneous particle distribution and remarkable mechanical properties.
There are studies about MMCs fabricated by semi-solid stir casting combined by ultrasonic vibration. However, compared to conventional stir-casting technique, there are limited studies using stir casting combined by ultrasonic vibration to fabricate submicron SiCp reinforced MMCs. In this study, an optimized stirring time for producing 5 vol.% SiCp/AZ31B composite was confirmed to obtain MMCs with homogeneous microstructure and good mechanical properties. The main aims in this process are synthesizing the composite with high content SiCp and understanding the influences of particles parameters on microstructure and mechanical properties.
Experimental
The AZ31B with chemical composition of 2.7Al-0.8Zn-Mg(wt.%) was used in the experiment. The reinforcements, 1 µm-SiCp are purchased from white Dove Co., Ltd. Zhengzhou, China. The fabrication of composites with high content SiCp included two parts: optimization of stir parameters of 5 vol.% SiCp/AZ31B composites and the stirring cast of 20 vol.% SiCp/AZ31B composite. The schematic diagram in Fig. 1 illustrates the fabrication equipment of composite. Firstly, about 1 kg of AZ31B alloy was loaded in a mild steel crucible, kept in an electric resistance furnace, under the protective atmosphere (CO 2 +SF 6 ). The temperature-time sequence for the stir casting assisted by ultrasonic treatment was shown in Fig. 2 . The alloy ingot was first melted at 720 ∘ C and held at this temperature for 10min. After that, melt was cooling down to the~625 ∘ C. Table 1 . After semi-solid stirring, the semisolid mixture was reheated up to 720 ∘ C and ultrasonic treated at 50 Hz at 500 W power for 20 min. Finally, the melt was transferred into a preheated steel mold (450
and solidified under about 100 MPa. Based on the optimized process parameters of 5vol.% SiCp/AZ31B composites, 20 vol.% SiCp/AZ31B composite was also fabricated under same stirring parameters. Microstructures of the different materials were observed by optical microscopy (OM) and scanning electron microscopy (SEM). A mixture solution of 100 ml pure water and 4 g oxalic acid was used for etching. Image-Pro Plus (IPP) software was used to reveal matrix grain sizes. Tensile tests of specimens were performed with an Instron5569 material test machine with a crosshead speed of 0.5 mm/min at room temperature. ist in macroscopic regions of ST-15 sample. It means that further increasing stirring time longer than 10min is practicable. The reason is that gas absorption and oxidation of the prepared composites did not exist in ST-15, as shown in Fig. 4(c) . Therefore, SiCp distribution can be improved with increasing stirring time. Further long stirring time will increase the agglomerate of SiCp, as show in Fig. 4(d) .
Results and Discussions

Optimization of stirring time
Increasing stirring time certainly increases viscosity of Mg melt, which can distinctly weaken the effect of ultrasonic cavitation [13] . In addition, long time stir would result in the gas absorption and material oxidation. Therefore, a optimized stirring time of 15min is considered good for 5vol.% SiCp/AZ31B composite. spectively. As expected, the application of ST-15 stirring parameters enhanced yield strength (YS) and ultimate tensile strength (UTS), mainly due to the uniform particle distribution. In addition, enhanced strength of composite made at ST-15 is maybe attributed to the reduced oxidation at a modest stirring time of 15 min, and controlled interfacial reactions, as shown in Fig. 4 (c).
Stirring cast of SiCp/AZ31B composite with high content
According to the above analysis results, used stirring parameters were 625 ∘ C/1500 rpm/15 min for 20 vol.% SiCp/AZ31B composite fabricated by stir casting. Figs. 6a and b show the SEM images of the 20 vol.% SiCp/AZ31B composite. It has been found that addition of high content SiCp leads to increase significantly of number SiCp. Meanwhile, SiCp were distributed in magnesium matrix homogenously, and particle clusters were not observed. It means that optimal stirring parameters were reasonable and practicable because of good particle distribution, which makes 625 ∘ C/1500 rpm/15 min possible for semisolid stirring process of the 20 vol.% SiCp/AZ31B composite. High magnification micrograph of the 20 vol.% SiCp/AZ31B composite is shown in Fig. 6b . It can be observed that the SiCp were well dispersed in the metal matrix, and there is no direct contact between them, which ensures the good wettability between SiCp and matrix. In addition, a continuous interface without any inclusions was observed. This reason can be attributed to the chemical inertness of SiCp and the good synthesis process of the composite, there was no interfacial reaction between the SiCp and the magnesium. The good interfacial structure is helpful to improvement of mechanical properties. Fig. 7 show the optical micrographs of the cast monolithic AZ31 and the SiCp/AZ31 composite fabricated by different SiCp content, respectively. It can be observed that the average grain size of composite is significantly refined compared with the monolithic alloy, and the average grain size of composite is found to be reduced with increasing par-ticle content. The uniformly distributed SiCp in field of view play a role of particle stimulation on nucleation of magnesium. According to heterogeneous nucleation theory [14] , SiCp may be used as effectively heterogeneous nucleation sites for the initial nuclei formation, resulting in a more refined microstructure. Moreover, it is observed that the SiCp are mainly distributed along grain boundaries, like network. The network-like of particle distribution was determined by theparticles and the solid/liquid interface of Mg during solidification. particle near the solidification front will either be captured or pushed due to quickly move forward of solid/liquid interface front during magnesium melt containing good dispersed ceramic particles [15, 16] . Therefore, compared with particle distribution in magnesium melt, solidified composites would have the new changes. As is known, if the freezing front captured SiCp, the solidified composites can keep the particle distribution in the magnesium melt. If the freezing front pushed the particles, particles tended to aggregate in some regions especially in the last solidified regions, such as grain boundaries. The research paper of the interaction between SiCp and the solid/liquid interface of Mg matrix was firstly published by Omenyi et al. [17] . It's study works indicate that the SiCp were pushed by the solidification front during solidification with slow speed. In the present work, the cast temperature of the melt was 720 ∘ C, and the preheating temperature of steel mold was 450 ∘ C. This indicates that the movement speed of solid/liquid interface is slower than the critical speed. As a result, the particles tended to segregate in the grain boundaries, as shown in Fig. 7 . The grain refinement of magnesium matrix material may have resulted from the presence of the SiCp. Meanwhile, the grain refinement of magnesium matrix material may have resulted from the inhibition effect of the SiCp on the growth of magnesium matrix grains. In conclusion, SiCp not only acts as heterogeneous nucleus of the primary magnesium, but also distributes around grain boundaries to restrain the growth of grain, so that addition of SiCp can form uniform microstructure and refined grain. In addition, particle stimulated nucleation and grain-growth inhibition effects of SiCp enhanced with the increase of the SiCp content. Therefore, the addition of SiCp with high content leads to the decrease of grain size. Tables 2. By combining Table 2 and Fig. 8 , it can be found that the present composite has good yield strength and ultimate tensile strength. This improvement can be attributed to the following reasons: (i) Uniform distributed and harder SiCp may play a significant role to enhance the load transfer effect. With the increase of the particle contents, the load transfer effect increased. Dependence of strength on particle contents is generally well-established, which may be described by the calculating formula Eq. (1) for yield strength [22] .
Microstructure of SiCp/AZ31B composite reinforced with different SiCp content
Mechanical properties
In which σ Load is the yield strength of composite, σm is the yield strength of matrix alloy and Vp is the particle volume fraction. Therefore, the yield strength increases with the increase of particle volume fraction.
(ii) The increase of particle contents would generate geometrically necessary dislocations at the interface due to the difference between elastic modulus and coefficients of thermal expansion (CTE) of SiCp and magnesium [23] . Thus, composites yield strength increased as the particle contents increase from 5vol.% to 20vol.%. (iii) The grain size was decreased as the particle contents increased, as shown in Fig. 7 . The well-known Hall-Petch relation Eq. (2) indicates the effect of grain size on the strength of a material [24] .
where σ is flow stress, σ 0 and K were constants, D is a grain size. Therefore, according to Hall-Petch strengthening mechanism, the yield strength increased with the decrease of grain size. As a result, tensile properties of SiCp/AZ31B composites increase with increasing SiCp content. Moreover, Fig. 8 also can be seen that the elongation of the composite decrease as the increase of SiCp contents. From Fig. 7 , it can be seen that the particles segregated at grain boundaries could cause the stress concentrations during tensile test. Meanwhile, stress concentrations increase with increasing SiCp content. Therefore, as the SiCp content increased, the elongation of the composite decreased.
Conclusions
The effects of stirring process and particle parameters on microstructure and mechanical properties of SiCp/AZ31B composites were investigated, and the main conclusions can be drawn as follows: 1. Both too short and too long stirring time for the SiCp/AZ31B composite fabricated by stirring cast method resulted in nonhomogeneous particle distribution. According to homogeneous degree of particle distribution, a optimal stirring parameters of 625°C/1500 rpm/15 min are considered better for composites reinforced with high content SiCp. 2. Present composite fabrication processing significantly improves the wettability between SiCp and magnesium matrix, which helps in achieving uniform particle distribution. 3. Composites reinforced by SiCp display a superior grainrefinement effect compared with the monolithic alloy.
With increasing SiCp contents, it is reasonable to expect that grain size also decreases. 4. Compared with monolithic alloy, the ultimate tensile strength and yield strength at room temperature of 20 vol.% SiCp/AZ31B composite were increased by 54.8 % and 350 %, respectively.
